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Abstract: Bipolaris oryzae is a phytopathogenic fungus causing a brown spot disease in 
rice, and produces substance that strongly perturbs motility and membrane integrities of 
boar spermatozoa. The substance was isolated from the liquid culture of the fungal strain 
using extraction and a multi-step semi-preparative HPLC procedures. Based on the results 
of mass spectrometric and 2D NMR techniques, the bioactive molecule was identified  
as ophiobolin A, a previously described sesterterpene-type compound. The purified 
ophiobolin A exhibited strong motility inhibition and viability reduction on boar 
spermatozoa. Furthermore, it damaged the sperm mitochondria significantly at sublethal 
concentration by the dissipation of transmembrane potential in the mitochondrial inner 
membrane, while the plasma membrane permeability barrier remained intact. The study 
demonstrated that the cytotoxicity of ophiobolin A toward somatic cell lines is higher by 
1–2 orders of magnitude compared to other mitochondriotoxic mycotoxins, and towards 
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sperm cells unique by replacing the progressive motility by shivering tail beating at low 
exposure concentration. 
Keywords: ophiobolin A; boar sperm assay; Bipolaris oryzae; cell toxicity;  
mitochondrial dissipation 
 
1. Introduction 
Filamentous fungi can produce large number of secondary metabolites with promising biological 
effects [1]. Molecular identification of these compounds and characterization of their biological 
activities are among the most important goals of studies working on the interface of chemistry and 
biology research [2]. The sperm motility inhibition test has been found to be an excellent tool to screen 
for bioactive microbial compounds and particularly for the mitochondriotoxic substances [3]. This test 
system was already used to investigate the adverse effects of several fungal metabolites. Peptaibol 
compounds, such as alamethicin and trilongin produced by Trichoderma strains and acrebol secreted 
by an Acremonium exuviarum strain, are the members of the peptaibols and showed remarkable 
motility inhibition on boar spermatozoa [4,5]. Enniatins and beauvericin mycotoxins produced by 
Fusarium strains also had significant effects on spermatozoa including motility inhibition and 
dissipation of the mitochondrial membrane potential [6]. Furthermore, the toxicity testing of  
Bacillus-containing food additives is based on sperm motility inhibition in most of the European 
registration dossiers, indicating the usefulness of this test for screening purposes [7].  
Our recent research activities focused to the screening for bioactive fungal secondary metabolites 
possessing motility inhibition in this sperm test system. Bipolaris oryzae (Breda de Haan) Shoemaker 
is a phytopathogenic fungus causing brown spot disease in rice [8], and a rich source of several 
bioactive substances [9]. This strain also produces substance, which was able to inhibit the motility of 
boar sperms in our assay even in crude extracts of the ferment broth. Therefore, the substance has been 
purified with chromatographic techniques and identified as a member of ophiobolins (ophiobolin A, OPA) 
based on mass-spectrometry and NMR examinations. 
Ophiobolins are the sesterterpene-type (C25) compounds produced by fungal species belonging to 
the genera Bipolaris, Cochliobolus, Drechslera, Cephalosporium and Aspergillus [9]. Their structure 
is characterized by a specific tri- or tetracyclic ring system. More than 30 of these secondary 
metabolites have been described to date and assigned into several subgroups [9–13]. These compounds 
show broad spectrum of biological activities, such as antimicrobial, nematocidic, cytotoxic or HIV-1 
integrase inhibitory effects [9,14]. The most extensively studied representative of ophiobolins is OPA 
(Figure 1), the calmodulin inhibitory effect of which has been comprehensively characterized [9,15,16]. 
Significant reduction in the amount of different viable cells was observed after OPA treatment in 
ovarian cancer cell line (OVCAR3), human umbilical vein endothelial cells (HUVECs) [17] and 
induction of apoptotic cell death was also examined in L1210 cell line [18]. The influence of OPA on 
the motility and viability of mouse, rat and human sperm was reported regarding their capacitation 
inhibitory effects through the calmodulin antagonism [19–21]. Furthermore, the latest results showed 
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that OPA is able to induce paraptosis-like cell death in human gliobastoma multiforme cells (GBM) by 
decreasing the big/large conductance Ca2+-activated K+ channel activity [22]. 
Figure 1. Structure of ophiobolin A. 
 
We describe here the mitochondrial toxicity and motility inhibition as well as viability reduction 
effect of OPA, purified and identified during our screening activities to isolate mitochondrial 
membrane potential (ΔΨm) modifiers from microbial origin, on boar spermatozoa. Its effects on murine 
neuroblastoma (MNA), feline fetus lung (FFL) and porcine kidney (PK-15) cells were also tested. 
2. Results and Discussion 
Based on our initial screening for mitochondrial toxins, the extracted ferment broth of  
Bipolaris oryzae SZMC 13003 proved to be active using the boar sperm test system reported by Hoornstra 
et al. [3]. After the initial examinations, the toxic compound was purified and isolated as white crystals 
using bioactivity-guided approach. The purification was based on a multi-step semi-preparative HPLC 
procedure after the liquid-liquid extraction of the ferment broth. The compound was identified initially 
on the basis of mass spectra of electrospray ionization-mass spectrometry (ESI-MS) and fragmentation 
pattern of ESI-MS/MS measurements as well as on the retention time in the analytical HPLC 
separation compared to the further purchased reference compound (Figure 2). Furthermore, its identity 
was confirmed by 1H and 13C measurements as well as by detailed interpretation of a combination of 
1H, 1H-COSY and HMBC spectroscopic data, which allowed the determination of the complete 
conformation (Figure 1) [11]. 
The unique properties of boar spermatozoa can be exploited for monitoring mitochondrial toxins as 
model targets, because these types of biological objects are insensitive to substances affecting the 
synthesis or regulation of proteins and nucleic acids in the cytoplasm, and all signaling systems known 
to operate in somatic cells have been found also in spermatozoa [3]. 
Furthermore, their physiological characters including their motility are influenced mainly by 
membrane potentials and ion fluxes. Thus, the change of sperm motility is able to sensitively indicate 
the substances causing mitochondrial membrane depolarization even at sublethal doses, which is 
undetectable with other cell lines [3]. Motility of the spermatozoa was judged after exposure of 30 min 
and 24 h at room temperature with minor modification of a previously described method [23,24].  
OPA inhibited sperm motility after one day of exposure at 1/10 of the concentration giving inhibition 
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visible already after 30 min, because ≤2.5 μg mL−1 and 250 ng mL−1 concentration values were 
determined as endpoints (EC50) for short and long term exposure, respectively (Table 1). 
Figure 2. HPLC-UV chromatogram of the purified OPA at 230 nm (A); and the acquired 
mass spectra by ESI-MS in positive (B) and in negative mode (C); as well as by  
ESI-MS/MS after the fragmentation of m/z 401.4 in positive mode (D). The characteristic 
masses were marked. 
 
The membrane-permeable 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide 
(JC-1) dye is widely used in apoptosis studies to monitor mitochondrial health. It exhibits  
potential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift from 
green (529 nm) to red (590 nm) [25]. Therefore, the loss of ΔΨm was seen as decrease in orange 
fluorescence [3]. In our cases, the staining for 2 ± 2 min with JC-1 at 37 °C was enough to get the 
energized mitochondria stained orange and the plasma membrane green. This short staining was 
empirically optimized for getting the most reproducible differences between vehicle and toxin exposed 
sperm cells in Hoornstra et al. [3]. After 2 min incubation, OPA completely depolarized the 
mitochondrial membrane of the sperm cells at the concentration of 1.25 μg mL−1 and the exposed cells 
have already lost approximately 50% of their bright fluorescing mitochondria at the concentration of 
500 ng mL−1 (Figure 3, Table 1). 
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Figure 3. Epifluorescence micrographs of boar sperm cells stained with JC-1 at 400× 
magnification, the dye changes emission wavelength in response to the decreasing 
membrane potential by a shift from orange to green color. Top panel shows the blank 
exposed (reagent only) sperm cells; the mitochondrial sheath in the blank exposed 
spermatozoan midpiece fluorescing bright orange (A); Exposing the sperm cells to  
125 ng mL−1 of OPA caused minimal difference compared to the untreated control (B);  
but the cells treated with 500 ng mL−1 OPA have lost ca. 50% of their bright fluorescing 
mitochondria (C); All mitochondria of the spermatozoan midpiece are completely 
depolarized after exposure to 1.25 μg mL−1 OPA and the sperm cells fluoresced in green 
only (D). 
 
Table 1. Comparison of toxic endpoints of OPA and different mycotoxins on boar 
spermatozoa and on a porcine kidney cell line PK-15. 
Compound 
name 
Toxic endpoint EC50 μg mL−1 of test cell suspension 
Ref. 
Boar spermatozoa PK-15 cells 
Motility 
inhibition 
(30 min) 
Motility 
inhibition 
(24 h) 
Shivering 
tail beating 
induction 
Dissipation 
of ΔΨm 
Permeability 
to PI on  
static cells 
Permeability 
to PI on  
motile cells 
Cytotoxicity 
OPA 2.5 0.25 0.5 0.5 1.6 1.6 0.1  
Alamethicin 1 0.2 None 0.2 0.2 ≤0.5 8 [4] 
TrilonginBI-
BIV 
nd. 0.5 None 0.5 0.5 nd. 5 [4] 
Acrebol 2 0.1 None 0.8 >4 nd. ≥10 [5] 
Enniatin B >10 5 None 5 >50 >20 60 [6] 
nd.—no data available. 
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Furthermore, as a special effect, the exposed sperm cells showed in several cases an unexpected 
accelerated shivering mode of tail motion during the fluorescence microscopic examinations and  
their hyperactivity was observed (Figure 4). This motility change seems to be comparable to the 
phenomenon showed during the normal fertilization process, where sperm tails must switch from an 
easy, symmetrical beating to a frenetic whip like lashing to penetrate an egg’s protective coating [19]. 
The shivering tail beating exhibited by these cells with depolarized mitochondria show that the plasma 
membrane is intact and the cellular energy metabolism provides enough energy to motorize the sperm 
tail to beat. This phenomenon may indicate that the cell still produce ATP and NADH in the cytoplasm 
after the OPA treatment, which differs from the effect caused by cation channel forming alamethicin, 
which depletes the sperm cells from motility, plasma membrane integrity as well as NADH and ATP 
production at similar concentrations [5]. To confirm the effect of OPA on the plasma membrane 
permeability, the viability staining with propidium iodide (PI) and calcein-AM was performed after 
one day incubation at room temperature, (similar conditions as the JC-1 staining) where the EC50 value 
appeared at 1.6 μg mL−1, over twice the concentrations that depolarized the mitochondria (Table 1). 
Figure 4. Special effect of OPA (500 ng mL−1, 400× magnification) on the exposed sperm 
cells, which showed an accelerated shivering tail beating with low amplitude, the angle 
between the tail beats is below 10°. The shivering tail is visible as a continuous green area 
and resulted in no progressive motility during the fluorescence microscopic examinations 
(marked with red rectangles). Microscopic area containing shivering sperm cell is enlarged 
at top right of the picture. 
 
To test the effect of OPA exposure on sperm cells in physiological conditions (swimming at 37 °C) 
the plasma membrane disruption on motile sperm cells was measured with the viability PI stain, where 
the loss of plasma membrane integrity was detected as appearance of red color stained nuclei in the 
damaged cells. In this assay, sperm cells were exposed to OPA at 37 °C and motility of the exposed 
sperm cells was induced and maintained for 2 h [26]. The EC50 value fell in the range of 800 ng mL−1 
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to 1600 ng mL−1 (viability: 38%–73%, Table 1) and over this range the loss of the permeability barrier 
to PI was determined at all of the examined concentration level [27]. This result indicated that 
exposure to OPA in physiological conditions (as motile at 37 °C) already after 2 h (disrupting the 
plasma membrane) was lethal to the sperm cells in concentrations below 2000 ng/mL. 
Similarly to the effect seen in boar spermatozoa, OPA inhibited the motility and reduced the 
viability of mouse sperms in the work of Zeng et al., and, besides these effects, the inhibition of sperm 
capacitation was also observed [19]. OPA has been also reported to cause alteration of membrane 
permeability in plants including the modification of ion leakage [28] and the inhibition of proton 
extrusion in cells, which was the result of an effect on the permeability of the plasma membrane to 
potassium [29]. Bury et al. [22] observed increases in intracellular calcium concentration in  
OPA-treated GMB cells, because this toxin blocks the BKCa channels present on the cell membrane, 
mitochondria and ER, which induces an increase in the intracellular K+ concentration causing a 
progressive increase in the Ca2+ through any compensatory mechanisms to maintain homeostasis. In 
our case, we hypothesized that the higher concentrations of OPA used in the mitochondrial membrane 
depolarization assay seem to influence also the intracellular Ca2+ level through the ΔΨm dissipation  
as in GMB cells, but with lower efficiency due to the shorter incubation period, which probably  
served as a general hyperactivation effect in several sperms besides the already described special  
calmodulin inhibition.  
The toxic effects on porcine sperm cells of purified OPA were compared to four known toxins 
affecting different subcellular target sites (Table 1). The compounds in Table 1 produced also by 
filamentous fungi containing the mitochondria targeting toxins enniatin B [30], acrebol [5], the cation 
channel forming alamethicin [31] and trilongins [4]. Staining the sperm cells with the membrane 
potential sensitive dye JC-1, the live-dead stain calcein-AM and the death indicator PI divides the 
sperm motility inhibiting toxins in two groups. OPA belongs to the group that depolarizes the 
mitochondria, while the plasma membrane remained intact (acrebol, enniatin B, OPA). It is different 
from the group of toxins represented by the channel forming molecules (alamethicin, trilongins) that 
depolarize the mitochondria and disrupt the plasma membrane permeability barrier at similar 
concentrations (Table 1). Furthermore, OPA toxicity pattern show remarkable differences from the 
reported ion carrier toxins (e.g., cereulide, valinomycin) and from acrebol and enniatin B by not 
inducing visible hyperpolarisation of the sperm head [3,5]. Summarizing the results of the sperm cell 
assays, it could be concluded that the effects of OPA showed a continuous rather than sharp stepwise 
character: it inhibited the motility at a very low concentration; dissipated the mitochondrial membrane 
potential at mid-level concentration; and depleted plasma membrane integrity at moderately  
higher concentration. However, these values fall into a narrow interval ranging from 250 ng mL−1 to 
1600 ng mL−1. Moreover, it is important to consider that OPA exerts a significantly rapid action of 
sperm cells exposed in physiological conditions (swimming at 37 °C), because the lethal damage 
indicated by loss of plasma membrane integrity was induced at low concentration (<1 μg mL−1) within 
a short period allowing to distinguish it from other sperm toxic substances. This unique pattern of 
action may be useful tool when investigating biological activities of other ophiobolins and structurally 
similar toxins. Furthermore, exposure at room temperature to a low concentration (<1 μg mL−1) of 
OPA induced in sperm cells a shivering tail beating with depolarisation of mitochondria (Figure 4). 
Thus OPA appears to affect differently on the two kinds of sperm flagellar motility, the shivering and 
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the progressive motility [32]. Therefore, OPA may be used as reference to distinguish toxins blocking 
the progressive sperm motility, but not the shivering beating. 
Viability assays, based on resazurin-resorufin transformation, represent excellent correlation to 
generally used reference assays, such as formazan- and tritiated thymidine based methods. In our 
experiments, proliferating murine neuroblastoma (MNA) [33], feline fetus lung (FFL) [5] and porcine 
kidney (PK-15) [34] cells were treated with OPA. It proved to be highly toxic to cell proliferation in 
the examined cell lines and showed concentration-dependent kinetics (Figure 5). The IC50 values were 
different on the tested cell lines, less than 48.8 ng mL−1 on MNA, 48.8 ng mL−1 on FFL and between 
48.8 ng mL−1 and 97.6 ng mL−1 on PK-15. These values were remarkably less than the concentrations 
causing sperm toxicity and motility inhibition. Our results show that OPA inhibited both sperm 
motility and somatic cell proliferation indicating that OPA may have an influence on both synthesis 
and translation of mRNA both in cytoplasm and mitochondria and/or on other mitochondrial  
functions [35]. 
Figure 5. Toxic effect of ophiobolin A in different concentrations on feline fetus  
lung- (white bars), murine neuroblastoma- (grey bars), and porcine kidney somatic cell lines 
(black bars). Significance levels of the differences from the control are marked with asterisks: 
***, p < 0.001, **, p < 0.01, *, p < 0.05. 
 
When OVCAR3 and HUVECs cells were treated with OPA a significant reduction in the amount of 
viable cells was also observed with IC50 value of 112 μg mL−1 and 32 μg mL−1, respectively,  
and demonstrated a lack of tumor specificity [17]. Furthermore, it induced cell death on L1210  
cell line in the range of 4–400 μg mL−1 in a concentration-dependent manner with an IC50 value of  
120 μg mL−1 [18]. Based on our results, OPA is even more effective against MNA, FFL and PK-15 
cell lines than against the previously tested HUVECs, OVCAR3 and L1210 cells. To compare the 
toxicity of OPA on PK-15 cell line to reported data of known fungal toxins, OPA scored lowest 
toxicity endpoints (Table 1). Considering the effects both on sperm motility and toxicity on PK-15 
cells of these toxins, the motility was inhibited generally at lower concentrations, where the PK-15 cell 
proliferation was not blocked, but in the case of OPA both of them were hindered at similarly low 
exposure concentrations (≤1 μg mL−1, Table 1). 
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3. Experimental Section 
3.1. General Experimental Procedures 
1H NMR, 1H-1H COSY and HMBC spectra were recorded in MeOD on a Bruker Avance DRX 500 
spectrometer (Bruker Biospin GmbH, Karlsruhe, Germany) at 500 MHz (1H) and 125 MHz (13C) 
JMOD, HSQC and NOESY measurements were recorded on a Bruker Ultrashield Plus 600 
spectrometer (Bruker Biospin GmbH, Karlsruhe, Germany) at 600 MHz (1H) and 150 MHz (13C) using 
solvent signals as references (MeOD: δH 3.31/δC 47.6). The HSQC and HMBC experiments were 
optimized for 145.0 and 8.0 Hz, respectively. Gradient enhanced two-dimensional data were collected 
and processed with standard Bruker Topspin 3.0 software (Bruker Biospin GmbH, Karlsruhe, 
Germany, 2012). ESI-MS data were obtained using a Varian 500-MS ion trap mass spectrometer 
(Agilent, Palo Alto, CA, USA) equipped with an atmospheric pressure electrospray ionization (ESI) 
source. Ion source parameters: spray chamber temperature, 50 °C; drying gas (N2) pressure and 
temperature, 15 psi and 300 °C, respectively; nebulizer gas (N2) pressure, 25 psi; needle voltage, 
±5800 V (positive and negative mode); spray shield voltage, 600 V; General parameters: maximum 
scan times, 5.21; μscans averaged, 3; data rate, 0.19 Hz; multiplier offset, 0; ionization control 
parameters: target TIC, 100%; maximum ion time, 500000 ms; Full scan parameters (negative/positive 
ionization): capillary voltage, 76.9 V; mass range, 50 m/z–2000 m/z; RF loading, 59%; MS2 
parameters (positive ionization): capillary voltage, 76.9 V; RF loading, 59%; isolation window, 3 m/z; 
high mass ejection factor, 100%; waveform type, resonant; excitation storage level, 121.8 m/z; 
excitation amplitude, 1.62 V. Semipreparative normal phase HPLC separations were performed using a 
K-1000 Quaternary pump (Knauer, Berlin, Germany) and a Fractomax FR5 (Pharmacia, Freiburg, 
Germany) fraction collector equipped with an ECO 15/450V3K glass column (YMC, Dinslaken, 
Germany) filled with Kieselgel 60 (Merck, Budapest, Hungary), while semipreparative reverse phase 
HPLC runs were carried out on a Shimadzu LC-10 (Shimadzu, Duisburg, Germany) system 
(controller, SCL-10AVP; quaternary pump, LC-10ADVP; UV-VIS detector, SPD-10AVP; fraction 
collector, FRC-10A) using a Serva ODS 10 × 450 mm with 5 μm particle size. Analytical HPLC 
measurements were implemented on a Shimadzu LC-20 (Shimadzu, Duisburg, Germany) system 
(controller, CBM-20A; two pumps LC-20AD; degasser, DGU-14A; autosampler, SIL-10ADVP; 
column thermostat, CTO-10ASVP, detector, SPD-10AVP) with a reversed phase Phenomenex Prodigy 
C18 (150 × 4.6 mm, 3 μm) column (Gen-Lab, Budapest, Hungary) and a Phenomenex Prodigy  
KJ0-4282 guard (Gen-Lab, SCL-10AVP, Budapest, Hungary). 
3.2. Strain and Culture Conditions 
Bipolaris oryzae strain SZMC 13003 strain was obtained from Szeged Microbiological Collection 
(Szeged, Hungary) (http://www2.sci.u-szeged.hu/microbiology/collection.htm). The fungal strain was 
pre-cultured on slants of potato dextrose agar at 25 °C for 10 days. Fermentation was carried out in 
Erlenmeyer flasks (VWR, Budapest, Hungary), containing a total of 2600 mL of potato dextrose broth 
(PDB) medium (VWR, Hungary). Spore inoculum was prepared in sterile, distilled H2O to give a final 
spore suspension of 1 × 106 mL−1. Each flask was inoculated with 5.0 mL of the spore inoculum and 
incubated for 12 days at 28 °C on a rotary shaker (VWR, Budapest, Hungary) (160 rpm). 
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3.3. Extraction and Isolation 
Fungal cultures were filtered sequentially using a cheese cloth filter (VWR, Budapest, Hungary) 
and a Millipore cellulose acetate (0.22 μm) filter (Merck, Budapest, Hungary). Then the filtrate was 
extracted two times with equal volumes of ethyl acetate (EtOAc) and the pooled organic phases were 
evaporated to dryness under vacuum to afford a crude extract (1350 mg, purity: 12.9%) which was 
fractionated by semipreparative silica gel column chromatography (Knauer, Berlin, Germany) using an 
isocratic EtOAc/n-hexane eluent mixture (5:5, v/v, 2 mL min−1). After the evaporation, the pooled 
fractions eluted in the range of 14–24 min (970 mg, purity: 14.8%) were separated by semipreparative 
reverse phase column chromatography eluting with 3:7 H2O/MeCN (3 mL min−1). The resulting 
subfractions (30 mg, purity: 70.5%) were combined and further purified on the same stationary phase 
with the mobile phase of 5:5 H2O/MeCN (3 mL min−1) to afford OPA (9.2 mg, purity: 95.3%,  
32–35 min). During the purification procedure the purity and the content of OPA were tested by 
analytical HPLC measurements at a wavelength of 230 nm. 
3.4. Sperm Motility Inhibition Assay 
3.4.1. Examination of Progressive and Rapid Motility 
The sperm motility inhibition assay was done as reported by Andersson et al. [24]. Commercial 
boar semen obtained from Figen Oy Finland extended in MR-A (Kubus, S.A., Madrid, Spain) 
containing 27 × 106 spermatozoa·mL−1 was used. The purified OPA was diluted by serial dilutions in 
methanol obtaining two ranges of concentrations with 4-4 levels from 2500 μg mL−1 to 250.0 μg mL−1 
and from 50 μg mL−1 to 5.0 μg mL−1, for short and long time exposures, respectively. Twenty μL of 
each dilution was administered to 2 mL of MR-A-diluted boar semen resulting approximately  
100 times dilution of the original stock solutions; 20 μL of methanol was added to spermatozoa in the 
same way as a blank assay. The samples were incubated for 30 min and 24 h at room temperature for 
short and long term exposure assays, respectively. After exposure, motility was induced in the sperm 
cells by incubation in 37 °C for 5 min and shaking to provide the sperm cells with oxygen. Sperm 
motility, i.e., progressive and rapid motility was assessed in phase contrast microsope (Olympus 
CKX41 and Software CellSens standard version 11.0.06, Olympus Soft Imaging Solutions GmbH, 
Munster, Germany, 2009–2012) by estimating the proportion of spermatozoa exhibiting high 
amplitude in tail beating. For the human eye looking in the microscope (Olympus CKX41, Munster, 
Germany), progressive and rapidly motile sperm cells looks like sperm cells having two separate tails, 
the angle between the tails being ≥40°. The amount of sperm cells exhibiting this kind of two separate 
tails was calculated using the CellSense standard software. The assays were performed in triplicate. 
3.4.2. Calibration of the Assay 
The above described subjective motility assay was calibrated with an automatic Hamilton Thorne 
sperm motility analyzer (HTM-S, ver. 7.2; Hamilton-Thorn Research, Danvers, MA, USA). Two 
hundred samples of extended boar semen exposed to motility inhibiting substances were tested in 
parallel both with subjective method and automatic sperm motility analyzer (Hamilton-Thorn 
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Research, Danvers, MA, USA). From the full sample set 73 samples showed a 50% decrease in rapid 
and progressive motility as subjectively estimated loss of high amplitude tail beating and as a decrease 
in progressive and rapid motility measured by the sperm analyzer. Both methods indicated no decrease 
in tail beating or rapid motility for 125 samples. Two samples showed slightly decreased rapid motility 
measured with the sperm analyzer whereas no decline was observed as the subjective estimated tail 
beating. Thus the protocol for assessing sperm tail beating as a measure of motility inhibition gave 
99% similarity to measurements of the proportion of rapidly motile spermatozoa done with Hamilton 
Thorne sperm analyzer (HTM-S, ver. 7.2; Hamilton-Thorn Research, Danvers, MA, USA) Toxicity 
was expressed as the endpoint concentration of the OPA solution, where the progressive and rapid 
motility of the sperm cells were <50% of the vehicle exposed sperm cells. The assay (24 h exposure) 
was calibrated with triclosan (Sigma Chemical Co., St. Louis, MO, USA) in 10 parallel tests, the EC50 
was 1 μg mL−1 (SD ± 0.2). 
3.5. Membrane Integrity Disruption Assays 
Cell membrane permeability assay on motile sperm cells was inspected by staining with  
PI (Molecular Probes, Eugene, OR, USA) in sperm cells induced to swim by shaking at 37 °C.  
One hundred and fifty μL aliquots of commercial extended boar semen with a density of  
27 × 106 sperms mL−1 were pipetted into microtiter plate wells and serially diluted methanolic solution 
of OPA were added in the concentration range of 200 ng mL−1 to 4 μg mL−1 including 6 levels and an 
additional methanol blank, and pre-incubated for 2 h on orbital shaker (Innova 5000 new Brunswick 
Scientific, Enfield, CT, USA) (160 rpm) at 37 °C. Four parallel measurements were done for each 
dilution. One ml PI solution (1 mg mL−1 in Dulbeco’s phosphate buffered saline) was mixed with  
3 mL of semen Dulbeco’s phosphate buffered saline. One hundred and fifty μL of this stain mixture 
was added to 150 μL of exposed boar semen. This suspension was incubated for 15 min at  
37 °C in dark and measured using a microplate reader (Fluoroskan Ascent, Thermo Scientific, Vantaa, 
Finland) at excitation and emission wavelengths of 544 nm and 600 nm, respectively. For observing 
plasma membrane damage by PI staining frozen-thawed semen was used as a positive control  
(for mortality of 100%) representing the maximal fluorescence emitted by the cells permeable to PI 
and Dulbeco’s phosphate buffered saline was applied as background control (blank). Loss of viability 
in the sample was calculated as described in Alm et al. [26]. The frozen sample represented 100% loss 
of viability. The assay was calibrated with triclosan (Sigma Chemical Co., St. Louis, MO, USA), in  
5 parallel tests, the EC50 was 2 μg mL−1 (SD ± 0.6). Cell membrane permeability assay on static sperm 
cells at room temperature was carried out by viability staining with PI and calcein-AM (Molecular 
Probes, Eugene, OR, USA) according to Hoornstra et al. [3] in same concentration range and levels 
described above. 
The dissipation of the ΔΨm on static cells at room temperature was visualized by  
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) (Molecular Probes, 
Eugene, OR, USA) staining according to Hoornstra et al. [3] with minor modifications as follows:  
200 μL of the boar semen exposed with the final OPA concentration of 2.5 μg mL−1, 1.25 μg mL−1,  
0.5 μg mL−1 and 0.125 μg mL−1 was incubated at 37 °C for 2 min, stained with 0.3 μL of JC-1  
(1 mg mL−1 in DMSO) followed by another 2 min at 37 °C and viewed using an epifluorescence 
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microscope (Eclipse E600, Nikon, Tokyo, Japan). All assays (PI + CAM and JC-1 staining) were 
performed in triplicate and for each sample five microscopic fields containing ca. 20 cells were inspected. 
3.6. Mammalian Somatic Cell Toxicity Assays 
Cytotoxicity against somatic cells was tested with feline fetus lung cells (FFL) cultivated as 
described by Andersson et al. [5,23] and murine neuroblastoma cells (MNA) as described by  
Kulonen et al. [33] as well as porcine kidney tubular epithelial cell line (PK-15) [34], cultured as 
reported earlier. All somatic cell lines were maintained in an atmosphere of 95% air, 5% CO2 and 95% 
relative humidity at 37 °C on RPMI 1640 (complete medium) in a cell culture cabinet (Heracell 150i; 
Thermo Fisher Scientific, Vantaa, Finland). The detached cells were seeded onto 96 well microtiter 
plates and exposed to the purified OPA, the final concentration of which ranged from 48.8 ng mL−1 to  
25 μg mL−1 containing 10 levels in methanol. After incubating the plates for one day at 37 °C, 
inhibition of cell proliferation was inspected in phase contrast microscope. EC100 for inhibition of 
proliferation was easy to observe as absence of cell monolayer and absence of intact cells in the well. 
EC0 was also easy to observe as an intact cell monolayer indistinguishable from the control. In 
microscope the determining of EC50 was more difficult. To achieve a more exact value for EC50 the 
inhibition ability of resazurin reduction was investigated. Therefore, after the treatement the plates 
were incubated for three days at 37 °C and 10 μL resazurin (Sigma Chemical Co., St. Louis, MO, 
USA) (400 μg mL−1 in normal saline) was added into the wells and the plates were incubated again for 
2 h under the same conditions. Then, the plates were analyzed by a microtiter plate reader (Fluoroskan 
Ascent, Thermo Scientific, Vantaa, Finland) at the excitation and emission wavelengths of 544 nm and 
590 nm, respectively. The toxicity was expressed as the lowest concentrations where the ratio of the 
living cells was less than 50% (EC50). All of the mammalian somatic cell toxicity assays were repeated 
three times. This EC50 fitted between EC100 and EC0 observed in microscope, the maximal difference 
between the two methods was one dilution step. The assay was calibrated with triclosan (Sigma 
Chemical Co., St. Louis, MO, USA), the EC50 in 10 parallel tests was 9.4 μg mL−1 (SD ± 3.4). 
3.7. Statistical Analysis 
All the statistical analyses were performed using GraphPad Prism version 5.01 for Windows 
(GraphPad Software, San Diego, CA, USA, 2007). The significant differences between the viability of 
cells treated with OPA and their respective controls at different concentration levels were determined 
by one-way analysis of variance with Bonferroni's multiple comparison post-test.  
4. Conclusions 
The results of this study describe the purification of OPA produced by Bipolaris oryzae strain 
SZMC 13003 based on multistep chromatographic separation. Furthermore, the biological activities of 
the isolated compound on porcine sperm and different mammalian somatic cell lines were also 
demonstrated. OPA exhibited strong motility inhibition and viability reduction on boar spermatozoa 
and significantly damaged the sperm mitochondria at sublethal concentration by the dissipation of 
transmembrane potential in the mitochondrial inner membrane. These effects exhibited a continuous 
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character in the range of 250 ng mL−1 to 1600 ng mL−1 such as the motility of the sperm cells was 
inhibited at a low concentration, the mitochondrial membrane potential was dissipated at mid-level 
concentration, and the plasma membrane integrity was depleted at moderately higher concentration. 
OPA was also highly toxic to cell proliferation in MNA, FFL and PK-15 somatic cell lines under the 
level causing motility inhibition on boar spermatozoa. The observed toxicity depended on the applied 
concentration and the most toxic effect was recorded on the MNA cells. 
Acknowledgments 
O.B and Cs. V. were supported by TÁMOP 4.2.4. A/2-11-1-2012-0001, National Excellence 
Program—Elaborating and operating an inland student and researcher personal support system 
convergence program”. The project was subsidized by the European Union and co-financed by the 
European Social Fund. The work was supported also partly by The Finnish Work Environment Fund, 
Grant Tsr112134 and partly by the grant OTKA NN106394.  
Author Contributions 
Tamás Papp and András Szekeres conceived and designed the experiments; Ottó Bencsik and  
Máté Berta performed the microbiological and purification experiments, Annamária Zana  
and Péter Forgó performed the structural elucidation investigations, Maria A. Andersson and  
Mirja Salkinoja-Salonen supervised the bioassays; György Dombi, Csaba Vágvölgyi and  
András Szekeres analyzed the data; Tamás Papp and András Szekeres enrolled the paper; Ottó Bencsik 
wrote the paper. 
Conflicts of Interest 
The authors declare no conflict of interest. 
References 
1. Keller, N.P.; Turner, G.; Bennett, J.W. Fungal secondary metabolism from biochemistry to genomics. 
Nat. Rev. 2005, 3, 937–945. 
2. Demain, A.L.; Sanchez, S. Microbial drug discovery: 80 years of progress. J. Antibiot. 2009, 62, 
5–16.  
3. Hoornstra, D.; Andersson, M.A.; Mikkola, R.; Salkinoja-Salonen, M.S. A new method for in vitro 
detection of microbially produced mitochondrial toxins. Toxicol. in Vitro 2003, 17, 745–751. 
4. Mikkola, R.; Andersson, M.A.; Kredics, L.; Grigoriev, P.; Sundell, N.; Salkinoja-Salonen, M.S. 
20-Residue and 11-residue peptaibols from the fungus Trichoderma longibrachiatum are 
synergistic in forming Na+/K+-permeable channels and adverse action towards mammalian cells. 
FEBS J. 2012, 279, 4172–4190. 
5. Andersson, M.A.; Mikkola, R.; Raulio, M.; Kredics, L.; Maijala, P.; Salkinoja-Salonen, M.S. 
Acrebol, a novel toxic peptaibol produced by an Acremonium exuviarum indoor isolate. J. Appl. 
Microbiol. 2009, 106, 909–923. 
Toxins 2014, 6 2870 
 
 
6. Tonshin, A.; Teplova, V.; Andersson, M.; Salkinoja-Salonen, M.S. The Fusarium mycotoxins 
enniatins and beauvericin cause mitochondrial dysfunction by affecting the mitochondrial volume 
regulation, oxidative phosphorylation and ion homeostasis. Toxicology 2010, 276, 49–57. 
7. Silley, P. Do bacteria need to be regulated? J. Appl. Microbiol. 2006, 101, 607–615. 
8. Marchetti, M.A.; Peterson, H.D. The role of Bipolaris oryzae in floral abortion and kernel 
discoloration in rice. Plant Dis. 1984, 68, 288–291. 
9. Au, T.K.; Chick, W.S.H.; Leung, P.C. The biology of ophiobolins. Life Sci. 2000, 67, 733–742. 
10. Wei, H.; Itoh, T.; Kinoshita, M.; Nakai, Y.; Kurotaki, M.; Kobayashi, M. Cytotoxic sesterterpenes, 
6-epi-ophiobolin G and 6-epi-ophiobolin N, from marine derived fungus Emericella variecolor 
GF10. Tetrahedron 2004, 60, 6015–6019. 
11. Evidente, A.; Andolfi, A.; Cimmino, A.; Vurro, M.; Fracchiola, M.; Charudattan, R. Herbicidal 
potential of ophiobolins produced by Drechslera gigantea. J. Agric. Food Chem. 2006, 54,  
1779–1783. 
12. Yang, T.; Lu, Z.; Meng, L.; Wei, S.; Hong, K.; Zhu, W.; Huang, C. The novel agent ophiobolin O 
induces apoptosis and cell cycle arrest of MCF-7 cells through activation of MAPK signaling 
pathways. Bioorg. Med. Chem. Lett. 2012, 22, 579–585. 
13. Wang, Q.X.; Yang, J.L.; Qi, Q.Y.; Bao, L.; Yang, X.L.; Liu, M.M.; Huang, P.; Zhang, L.X.; 
Chen, J.L.; Cai, L.; Liu, H.W. 3-Anhydro-6-hydroxy-ophiobolin A, a new sesterterpene inhibiting 
the growth of methicillin-resistant Staphylococcus aureus and inducing the cell death by apoptosis 
on K562, from the phytopathogenic fungus Bipolaris oryzae. Bioorg. Med. Chem. Lett. 2013, 23, 
3547–3550. 
14. Singh, S.B.; Jayasuriya, H.; Dewey, R.; Polishook, J.D.; Dombrowski, A.W.; Zink, D.L.;  
Guan, Z.; Collado, J.; Platas, G.; Pelaez, F.; et al. Isolation, structure, and HIV-1-integrase 
inhibitory activity of structurally diverse fungal metabolites. J. Ind. Microbiol. Biot. 2003, 30, 
721–731. 
15. Leung, P.C.; Taylor, W.A.; Wang, J.H.; Tipton, C.L. Ophiobolin A. A natural product inhibitor of 
calmodulin. J. Biol. Chem. 1984, 259, 2742–2747. 
16. Au, T.K.; Leung, P.C. Identification of the binding and inhibition sites in the calmodulin molecule 
for ophiobolin A by site-directed mutagenesis. Plant Phyisol. 1998, 118, 965–973. 
17. De Vries-van Leeuwen, I.J.; Kortekaas-Thijssen, C.; Nzigou Mandouckou, J.A.; Kas, S.; 
Evidente, A.; de Boer, A.H. Fusicoccin-A selectively induces apoptosis in tumor cells after 
interferon-a priming. Cancer Lett. 2010, 293, 198–206. 
18. Fujiwara, H.; Matsunaga, K.; Kumagai, H.; Ishizuka, M.; Ohizumi, Y. Ophiobolin A, a novel 
apoptosis-inducing agent from fungus strain f-7438. Pharm. Pharmacol. Commun. 2000, 6,  
427–431. 
19. Zeng, H.T.; Tulsiani, D.R. Calmodulin antagonists differentially affect capacitation-associated 
protein tyrosine phosphorylation of mouse sperm components. J. Cell Sci. 2003, 116, 1981–1989. 
20. Bendahmane, M.; Zeng, H.T.; Tulsiani, D.R. Assessment of acrosomal status in rat spermatozoa: 
Studies on carbohydrate and non-carbohydrate agonists. Arch. Biochem. Biophys. 2002, 404, 38–47. 
21. Grunewald, S.; Kriegel, C.; Baumann, T.; Glander, H.J.; Paasch, U. Interactions between 
apoptotic signal transduction and capacitation in human spermatozoa. Hum. Reprod. 2009, 24, 
2071–2078. 
Toxins 2014, 6 2871 
 
 
22. Bury, M.; Girault, A.; Mégalizzi, V.; Spiegl-Kreinecker, S.; Mathieu, V.; Berger, W.; Evidente, A.; 
Kornienko, A.; Gailly, P.; Vandier, C.; Kiss, R. Ophiobolin A induces paraptosis-like cell death in 
human glioblastoma cells by decreasing BKCa channel activity. Cell Death Dis. 2013, 4, e561. 
23. Andersson, M.A.; Nikulin, M.; Köljalg, U.; Andersson, M.C.; Rainey, F.; Reijula, K.;  
Hintikka, E.L.; Salkinoja-Salonen, M. Bacteria, molds, and toxins in water-damaged building 
materials. Appl. Environ. Microbiol. 1997, 63, 387–393. 
24. Andersson, M.; Mikkola, R.; Rasimus, S.; Hoornstra, D.; Salin, P.; Rahkila, R.; Heikkinen, M.; 
Mattila, S.; Peltola, J.; Kalso, S.; et al. Boar spermatozoa as a biosensor for detecting toxic 
substances in indoor dust and aerosols. Toxicol. in Vitro 2010, 24, 2041–2052. 
25. De Proost, I.; Pintelon, I.; Brouns, I.; Kroese, A.B.; Riccardi, D.; Kemp, P.J.; Timmermans, J.P.; 
Adriaensen, D. Functional live cell imaging of the pulmonary neuroepithelial body 
microenvironment. Am. J. Respir. Cell Mol. Biol. 2008, 39, 180–189. 
26. Alm, K.; Taponen, J.; Dahlbom, M.; Tuunainen, E.; Koskinen, E.; Andersson, M. A novel 
automated fluorometric assay to evaluate sperm viability and fertility in dairy bulls. 
Theriogenology 2001, 56, 677–684. 
27. Carlson, A.E.; Westenbroek, R.E.; Quill, T.; Ren, D.; Clapham, D.E.; Hille, B.; Garbers, D.L.; 
Babcock, D.F. CatSper1 required for evoked Ca2+ entry and control of flagellar function in sperm. 
Proc. Natl. Acad. Sci. USA 2003, 100, 14864–14868. 
28. Tipton, C.L.; Paulsen, P.V.; Betts, R.E. Effects of ophiobolin A on ion leakage and hexose uptake 
by maize roots. Plant Physiol. 1977, 59, 907–910. 
29. Cocucci, S.M.; Morgutti, S.; Cocucci, M.; Gianani, L. Effects of ophiobolin A on potassium 
permeability, transmembrane electrical potential and proton extrusion in maize roots. Plant Sci. Lett. 
1983, 32, 9–16. 
30. Jestoi, M. Emerging Fusarium-mycotoxins fusaproliferin, beauvericin, enniatins, and 
moniliformin—A review. Crit. Rev. Food Sci. Nut. 2008, 48, 21–49. 
31. Leitgeb, B.; Szekeres, A.; Manczinger, L.; Vágvölgyi, C.; Kredics, L. The history of alamethicin: 
A review of the most extensively studied peptaibol. Chem. Biodiv. 2007, 4, 1027–1051. 
32. Cummins, J. Sperm motility and energetics. In Sperm Biology, 1st ed.; Birkhead, T.R.,  
Hosken, D.J., Pitnick, S., Eds.; Elsevier: Amsterdam, The Netherlands, 2009; pp. 185–206. 
33. Kulonen, K.; Neuvonen, E.; Topi, M. Methods for detecting arctic rabies virus in dilution series of 
field samples. J. Virol. Methods 1991, 32, 149–155. 
34. Rasimus, S.; Mikkola, R.; Andersson, M.A.; Teplova, V.V.; Venediktova, N.; Ek-Kommonen, C.; 
Salkinoja-Salonen, M. Psychrotolerant Paenibacillus tundrae isolates from barley grains produce 
new cereulide-like depsipeptides (paenilide and homopaenilide) that are highly toxic to 
mammalian cells. Appl. Environ. Microbiol. 2012, 78, 3732–3743. 
35. Gur, Y.; Bretbart, H. Protein synthesis in sperm: Dialog between mitochondria and cytoplasm. 
Mol. Cell Endocrinol. 2008, 282, 45–55. 
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 
